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Thiol-group oxidation of active and allosteric cyste-
ines is a widespread regulatory posttranslational
protein modification. Pathogenic bacteria, including
Pseudomonas aeruginosa and Staphylococcus
aureus, use regulatory cysteine oxidation to respond
to and overcome reactive oxygen species (ROS)
encountered in the host environment. To obtain
a proteome-wide view of oxidation-sensitive cyste-
ines in these two pathogens, we employed a com-
petitive activity-based protein profiling approach to
globally quantify hydrogen peroxide (H2O2) reactivity
with cysteines across bacterial proteomes. We iden-
tified200 proteins containing H2O2-sensitive cyste-
ines, including metabolic enzymes, transcription
factors, and uncharacterized proteins. Additional
biochemical and genetic studies identified an oxida-
tion-responsive cysteine in the master quorum-
sensing regulator LasR and redox-regulated activi-
ties for acetaldehyde dehydrogenase ExaC, arginine
deiminase ArcA, and glyceraldehyde 3-phosphate
dehydrogenase. Taken together, our data indicate
that pathogenic bacteria exhibit a complex, multi-
layered response to ROS that includes the rapid
adaption of metabolic pathways to oxidative-stress
challenge.
INTRODUCTION
Pseudomonas aeruginosa and Staphylococcus aureus are
ubiquitous, opportunistic human pathogens that cause life-
threatening human diseases (Govan and Harris, 1986; Lowy,
1998). In response to infection, phagocytic cells in the human358 Cell Host & Microbe 13, 358–370, March 13, 2013 ª2013 Elsevieimmune system produce high concentrations of reactive oxygen
species (ROS), such as superoxide hydrogen peroxide (H2O2)
and hydroxyl radicals that bacterial pathogens must overcome
for sustained virulence. These bacteria utilize multiple com-
ponents to defend against the oxidative stress produced by
host innate immunity pathways, including ROS-deactivating
enzymes such as catalase, superoxide dismutase, thioredoxin,
and glutaredoxin.
Oxidation of the thiol group at active and allosteric cysteines
in proteins has emerged as a widespread and important
posttranslational modification. To date, this modification has
been found in more than two hundred proteins, including tran-
scription factors, signaling proteins, metabolic enzymes, and
other cellular components in a wide range of organisms (Lindahl
et al., 2011). Pathogenic bacteria are known to mount a global
response to oxidative stress that is mediated by transcriptional
regulators, including OxyR, MgrA, OhrR, and SarA, which
undergo oxidation of cysteine (Chen et al., 2006; Fuangthong
and Helmann, 2002; Fujimoto et al., 2009). In P. aeruginosa,
OxyR is important for oxidative-stress defense and is required
for full virulence in rodent and insect models of infection (Lau
et al., 2005).P. aeruginosa also produces a group ofmulticolored
redox-active antibiotics, phenazines, which have been identified
as virulence factors (Mahajan-Miklos et al., 1999). Similarly,
S. aureus possesses a number of thiol-based transcriptional
regulators that sense ROS stress and coordinate responses
(Chen et al., 2006; Fujimoto et al., 2009). Our previous work
showed that these human pathogens utilize a thiol-based oxida-
tion-sensing mechanism to sense the host immune response
and regulate a global change of their properties (Chen et al.,
2006, 2008).
The modification of cysteines by cellular ROS can generate
a number of chemical products, including reversible sulfenic
acid (SOH) modification and more stable sulfinic (SO2H) and
sulfonic (SO3H) modifications, only a subset of which can be
detected with good sensitivity in proteomes (Leonard and
Carroll, 2011). As a consequence of this complexity, ourr Inc.
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ines in bacterial proteomes is incomplete and would greatly
benefit from new technologies that can quantify cysteine
reactivity in native biological systems (Klomsiri et al., 2010;
Leichert et al., 2008; Seo and Carroll, 2009). Recently, a method
termed isotopic tandem orthogonal proteolysis-activity-based
protein profiling (isoTOP-ABPP) (Weerapana et al., 2010) was
introduced for the identification and quantification of reactive
cysteines in native proteomes. Here, we have adapted this
chemoproteomic technology to quantitatively profile oxidation-
sensitive cysteines in the proteomes of P. aeruginosa and
S. aureus. We identified approximately 200 oxidation-sensitive
cysteines across diverse classes of proteins and determined
through targeted genetic and biochemical studies that several
of these proteins perform important redox-active functions in
bacteria, such as oxidation-responsive transcriptional regulation
and oxidation-induced switching of metabolic pathways by
modification of active-site and/or allosteric-cysteine residues
in enzymes.
RESULTS AND DISCUSSION
Quantifying Oxidation-Sensitive Cysteines in Bacterial
Proteomes
The original isoTOP-ABPP approach was used to quantify the
intrinsic reactivity of cysteine residues in proteomes with a click-
able iodoacetamide (IA)-alkyne probe (Weerapana et al., 2010).
Here, we adapted this technology to quantify oxidation-sensitive
cysteines in the proteomes of P. aeruginosa MPAO1, a Gram-
negative bacterium, and S. aureus Newman, a Gram-positive
bacterium, by measuring the ability of H2O2 exposure to
‘‘compete’’ away cysteine reactivity with the IA probe. We
reasoned that one advantage of this type of competitive profiling
approach is that it would be sensitive to multiple forms of
cysteine oxidation (i.e., sensitive to any mode of modification
that impaired the nucleophilicity of the IA-probe-reactive
cysteines).
We treated both pathogens with 10mMH2O2, a concentration
commonly used by other studies because both pathogens can
tolerate millimolar levels of H2O2 well (Chang et al., 2006;
Salunkhe et al., 2005).Wemeasured growth curves and bacterial
numbers of both pathogens in the presence and absence of
10 mM H2O2 with no difference observed (Figures S1A–S1C
available online). Indeed, we found that both bacteria were
able to largely degrade millimolar levels of H2O2 in several
minutes in the mid-logarithmic (mid-log) culture in vitro (Fig-
ure S1D). However, inside the host, H2O2 can be produced
constitutively by the immune response with a steady dose
(Winterbourn et al., 2006). Therefore, we added sufficient, but
not deleterious, H2O2 at the beginning of our in vitro profiling
experiments in order to ensure that most oxidation-sensitive
Cys residues could be revealed in our proteomic experiments.
Upon identifying these residues, we performed biochemical
validations with much lower concentrations of H2O2 on the
target proteins to confirm the biological relevance.
As shown in Figure 1A, bacteria were grown to mid-log phase
(optical density at 600 nm [OD600] = 0.6) in rich medium (Luria
Bertani [LB] medium for P. aeruginosa; tryptic soy broth [TSB]
medium for S. aureus) at 37C and then treated with and withoutCell Ho10 mM H2O2. After 20 min, cells were collected and bacterial
protein extracts were prepared by sonication. The extracts
were treated for 1 hr with the IA probe for alkylating reactive
cysteines in the bacterial proteomes. An isotopically labeled,
protease-cleavable azido-biotin tag (Weerapana et al., 2010)
was then attached to the alkyne using click chemistry (Rostovt-
sev et al., 2002; Tornøe et al., 2002). Isotopically heavy (13C and
15N) and light (12C and 14N) tags were conjugated to the H2O2
and +H2O2 samples, respectively. Equal amounts of the corre-
sponding  and + H2O2 samples were mixed and subjected
to successive protease digestion steps with trypsin and
tobacco-etch virus (TEV) protease, affording isotopically tagged,
cysteine-containing peptides for mass spectrometry (MS)
analysis.
The light/heavy (+H2O2/H2O2) ratio calculated for each IA-
labeled cysteine in the bacterial proteomes provided a measure
of its relative reactivity in + versus  H2O2 samples. Oxidation
of a cysteine by H2O2 should reduce its reactivity with the IA
probe, resulting in a light/heavy peptide ratio of <1 (Figure 1A).
The lower the measured ratio, the more reactive the cysteine
was toward H2O2 in this experiment. The identity of each
cysteine-containing peptide and its parent protein was then
determined by tandem MS analysis and database searches
using the SEQUEST search algorithm. Overall, 307 IA-probe-
reactive cysteines were identified in bacterial proteomes, 82
and 113 of which were oxidation sensitive (defined as having
a light/heavy ratio <0.67, representing a 1.5-fold change that is
commonly used as a threshold value for indicating significant
difference) in H2O2-treated P. aeruginosa (Table S1) and
S. aureus (Table S2), respectively (Chan et al., 2005; Leichert
et al., 2008). We noticed that the ratios of the oxidation-sensitive
cysteines in P. aeruginosa were generally lower than those in
S. aureus. This difference was more apparent when applying
a more stringent threshold for oxidation sensitivity (light/heavy
ratio <0.33), which was satisfied by 62 cysteines (75.6% of all
oxidation-sensitive cysteines) in P. aeruginosa, but only 6 cyste-
ines (5.3%) in S. aureus (Table 1). We define these cysteines as
highly oxidation-sensitive cysteines.
Previously, 18 proteins were identified as possessing oxida-
tion-sensitive thiols after H2O2 treatment in S. aureus through
the use of a fluorescence thiol-modification assay (Wolf et al.,
2008). The modified isoTOP-ABPP approach employed here,
like other methods that rely on chemical probes to alkylate or
modify cysteines in proteomes (Klomsiri et al., 2010; Leichert
et al., 2008; Seo and Carroll, 2009), may miss a fraction of
cysteines that are oxidation sensitive but inaccessible to
probes or found on very low-abundance proteins in the chosen
growth conditions (rich medium, log phase). Nonetheless, we
identified in our study 200 proteins containing H2O2-sensitive
cysteines that include 8 of 18 previously identified ones and
many other proteins.
Classification of ROS-Sensitive Cysteines
Among the total of200 oxidation-sensitive cysteines identified,
the majority were metabolic enzymes (81.9% in P. aeruginosa,
including 83.3% among the highly ROS-sensitive cysteines,
and 88.5% in S. aureus), suggesting that oxidative stress
induces a rapid and robust effect on bacterial metabolism
(Figures 1B and S1E). Some of these cysteines are conservedst & Microbe 13, 358–370, March 13, 2013 ª2013 Elsevier Inc. 359
Figure 1. A Modified isoTOP-ABPP to Profile Oxidation-Sensitive Cysteines in the P. aeruginosa and S. aureus Whole Proteomes
(A) Bacteria were treated with or without 10 mM H2O2 before protein lysates were isolated for subsequent labeling and liquid chromatography-tandem MS
(LC-MS/MS) quantification. Isotopic envelopes are shown for light- and heavy-labeled peptides, with green lines representing predicted values. Sequences
are shown for tryptic peptides containing IA-probe-labeled cysteines (marked by asterisks) in non-redox-sensitive DNA-directed RNA polymerase (ratio = 0.93)
and redox-sensitive pyridoxal biosynthesis lyase (ratio = 0.38) in S. aureus.
(B) Pie chart showing the percentage of four protein categories that have oxidation-sensitive cysteines in P. aeruginosa and S. aureus.
(C) Pie chart illustrating the percentage of functionally annotated cysteines in P. aeruginosa and S. aureus.
(D) Pie chart showing the percentage of conserved cysteines in P. aeruginosa and S. aureus.
See also Figure S1.
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Redox-Sensitive Cysteines in Pathogenic Bacteriacatalytic or functional residues that have been previously
characterized (13.3% in P. aeruginosa, including 6.7% among
the highly ROS-sensitive cysteines, and 10.6% in S. aureus)
(Figures 1C and S1F). The identification of these catalytic or360 Cell Host & Microbe 13, 358–370, March 13, 2013 ª2013 Elseviefunctional sites verifies that nucleophilic cysteines in metabolic
enzymes or proteins are particularly susceptible to oxidation,
which could in turn regulate the activities of these enzymes.
Beyond such known catalytic or functional cysteines, severalr Inc.
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multiple bacterial species such as Escherichia coli, Vibrio
cholera, and Salmonella enterica were also identified (60.2% in
P. aeruginosa, including 60.0% among the highly ROS-sensitive
cysteines, and 69.9% in S. aureus) (Figures 1D and S1G, see
below), thus raising the interesting possibility that some of
these conserved cysteines may serve as oxidative-stress
sensors and regulate the functions of their parent proteins in
response to ROS challenge.
Conserved, H2O2-sensitive cysteines were also identified in
other classes of proteins, including transcription factors. For
instance, H2O2 treatment blocked IA-probe labeling of Cys9 in
SarA, an S. aureus global transcriptional regulator that exerts
global regulatory functions partly in response to oxidative
stress (Fujimoto et al., 2009). In P. aeruginosa, three notable
transcription regulators, LasR, CbrB, and Anr, possessed highly
oxidation-sensitive cysteines (ratio <0.33) (Table S1). Anr is
homologous to Fnr, whose ROS-sensing mechanism has been
elucidated (Trunk et al., 2010). Our study identified Cys24 as
an oxidation-sensitive residue in Anr. This cysteine serves as
a ligand to an iron-sulfur cluster that switches the regulation of
anaerobic respiration (Galimand et al., 1991). Redox-active prop-
erties have not previously been described for LasR and CbrB,
which are well-known virulence factors in P. aeruginosa (Passa-
dor et al., 1993; Wang et al., 1996). Oxidation-sensitive cysteines
were also identified in ArcA (four of seven cysteines) and the
universal stress protein PA4352, whose transcriptional states
are regulated by Anr (Boes et al., 2006; Gamper et al., 1991).
Finally, many of the predicted gene products of P. aeruginosa
and S. aureus remain unannotated, and we identified oxidation-
sensitive cysteines in 7 (8.4%) and 11 (9.7%) uncharacterized
proteins in these bacteria, respectively (Figure 1B; Tables S1
and S2). About half of these oxidation-sensitive cysteines such
as ExaC-C303 and ArcA-C286 can be found in homologous
proteins in bacterial species other than Pseudomonas and
Staphylococcus (Figures S3C and S4D), thus suggesting poten-
tially conserved roles of these cysteines in ROS sensing and
responses.
Functional analysis of characterized proteins bearing oxida-
tion-sensitive cysteines could reveal activities that confer ROS
response or even virulence in these bacteria. With this thought
inmind, we selected four proteins with oxidation-sensitive cyste-
ines for further investigation: (1) LasR as an example of a master
transcriptional factor that was not previously known to sense or
respond to ROS; and the metabolic enzymes (2) ExaC, (3) ArcA,
and (4) glyceraldehyde 3-phosphate dehydrogenase (GAPDH),
all of which possessed conserved, ROS-sensitive cysteines.
Cys79 Is Involved in Ligand Binding and Oxidation
Sensing in LasR
The primary quorum-sensing (QS) system of P. aeruginosa is
regulated by production and secretion of theQS signal molecule,
3-oxo-C12-HSL, which binds and activates the transcriptional
activator LasR (Passador et al., 1993). Binding of 3-oxo-C12-
HSL to LasR induces DNA binding of LasR and activation of its
regulon that includes lasI encoding the 3-oxo-C12-HSL synthase
(Schuster et al., 2004). Previously, Cys79 of LasR was shown to
be susceptible to alkylation by electrophilic probes, which
results in specific reduction of virulence-factor secretion andCell Hobiofilm formation (Amara et al., 2009); however, the mechanism
by which Cys79 may impact the endogenous function of LasR
has yet to be elucidated.
In order to investigate the role of Cys79, we examined the
swarming motility and proteolytic activity of four P. aeruginosa
strains: wild-type PAO1 with empty plasmid pAK1900 as the
control, DlasR (Thaden et al., 2010) with empty pAK1900, DlasR
complemented with wild-type lasR in pAK1900 (p-lasR), and
DlasR complemented with LasR-C79A in pAK1900 (p-lasR-
C79A). As shown in Figures 2A and S2A, DlasR displayed greatly
reduced swarming motility and proteolytic activity compared to
the wild-type strain. These phenotypes could be complemented
by p-lasR, but not by p-lasR-C79A. As expected, compared to
p-lasR, p-lasR-C79A only induced low lasI-lux activity (Fig-
ure 2B). A northern hybridization experiment showed a similar
pattern of lasI transcription levels among these four strains,
thus confirming the functional importance of Cys79 in LasR
activity (Figure S2B). In addition, we used a mouse model to
test whether LasR-C79A also has strong phenotypes in vivo.
As shown in Figure S2C, the DlasR/p-LasR-C79A strain showed
an almost 3-fold reduction of colony-forming units (cfu) in the
lung tissues compared to DlasR/p-lasR, which is essentially the
same difference observed between the DlasR and the wild-
type strains. The nitroblue tetrazolium assay showed that
DlasR/p-lasR-C79A induced less ROS production in alveolar
macrophages (AM) isolated from infected mouse lungs than
did DlasR/p-lasR (Figure S2D). Taken together, these results
show that Cys79 is also a critical residue for the proper function
of LasR in vivo.
As one of residues in the ligand-binding pocket, Cys79 is only
4.3 A˚ away from the end of the alkyl chain of the bound small
molecule (Figure 2C) (Bottomley et al., 2007). Given that our
genetic experiments confirmed that Cys79 affects LasR func-
tion, we speculated that Cys79 is critical for ligand binding.
The ligand contents of the wild-type LasR (LasR-WT) and
LasR-C79A proteins were measured by using a modified
bioassay (Oinuma and Greenberg, 2011). Synthetic 3-oxo-C12-
HSL was used to prepare a standard curve (Figure S2E).
As shown in Figure 2D, in contrast to the 100% ligand:LasR ratio
obtained for the LasR-WT protein, only about half of LasR-C79A
contained the ligand, thus confirming the importance of Cys79
in ligand binding.
In an exploration of the potential oxidation-sensing activity
of Cys79 in LasR, northern hybridization analysis showed that
the RNA level of lasI was reduced after a 20 min treatment with
different concentrations of H2O2 (Figure 2E), suggesting that
LasR may function as a ROS-sensing regulator. The oxidation
of Cys79 may elicit a conformational change of LasR that
disrupts its transcriptional activation function. We expressed
the truncated N-terminal ligand-binding domain (LBD) (amino
acids 1–173) of LasR that contains the sole Cys79. We used
a DTNB assay to count the free thiols in LasR-N173-WT upon
0, 1, 10, or 100 mM H2O2 treatment for 1 hr at 37
C, which
showed that Cys79 can be modified by as little as 1–10 mM
H2O2 (Figure S2F). The circular-dichroism results showed that
treatment with 10 mM H2O2 changed the secondary structure
of LasR-N173-WT, but not that of the mutant protein (Figures
S2G and S2H), confirming an oxidation-induced conformational
change through Cys79 in the wild-type LasR. We furtherst & Microbe 13, 358–370, March 13, 2013 ª2013 Elsevier Inc. 361
Table 1. P. aeruginosa and S. aureus Proteins that Contain Highly Oxidation-Sensitive Cysteines with Ratio <0.33
Gene Protein Peptide Sequence Ratioa
P. aeruginosa
PA3554b ArnA, bifunctional polymyxin resistance protein VVFPSTSEVYGMC*QDPDFDEDR 0.11
PA3001c glyceraldehyde-3-phosphate dehydrogenase IISAASC*TTNAIVPVLK 0.11
PA0548 TktA, transketolase EEC*HGAPLGADEIAATR 0.12
PA1984b ExaC, acetaldehyde dehydrogenase (C303) AAEGLVLAFFNQGEVCTC*PSR 0.13
PA3559b probable nucleotide sugar dehydrogenase LSLMGTPEATLGGADALVIC*TEWQQFK 0.14
PA0432b SahH, adenosylhomocysteinase VAEVDPICAMQAC*MDGFEVVSPYK 0.14
PA0662b ArgC, N-acetyl-gamma-glutamyl-phosphate reductase LIAVPGC*YPTATQLGLIPLLEAGLADASR 0.14
PA0130 aldehyde dehydrogenase IGAGTSC*GLDMGPLVTAAAQAK 0.14
PA3763b PurL, phosphoribosylformylglycinamidine synthase AVGMELC*PELGITIPVGK 0.14
PA4484 GatB, aspartyl/glutamyl-tRNA (Asn/Gln) amidase YFPC*PDLLPVVIEPEYLAK 0.14
PA1984c ExaC, acetaldehyde dehydrogenase (C301) K.AAEGLVLAFFNQGEVC*TCPSR.A 0.15
PA5312c aldehyde dehydrogenase AAAEAAAGAIAFNQGEVC*TAGSR 0.15
PA2952b EtfA, electron transfer flavoprotein subunit MSMNPFC*EIAVEEAVR 0.16
PA0025 AroE, shikimate dehydrogenase GVLEPFLGEC*PAELLIANR 0.16
PA3795 probable oxidoreductase LLDALLDAGLNC*IDTADVYSR 0.17
PA4726 CbrB, two-component response regulator GASPAVADGEIGIIGSC*APMQELYSK 0.17
PA3880b putative uncharacterized protein LAEMSC*IAGVGGDVPLLVR 0.17
PA4270b RpoB, DNA-directed RNA polymerase subunit VC*PIETPEGPNIGLINSLATYAR 0.18
PA1580b GltA, citrate synthase GLTATGHFTFDPGFMSTASC*ESK 0.18
PA2953b electron transfer flavoprotein-ubiquinon oxidase MVFPGGALIGC*DLGTLNFAK 0.18
PA1430 LasR, quorum sensing regulator VDPTVSHC*TQSVLPIFWEPSIYQTR 0.19
PA3440b putative uncharacterized protein DVQNIDLMNLAGFC*R 0.19
PA3640b DNA polymerase III subunit alpha AVAGLGMPAVAVTDQSNMC*SLVK 0.2
PA2119c alcohol dehydrogenase IGDSVAIFAQGPIGLC*ATAGAR 0.2
PA0870 PhhC, aromatic-amino-acid aminotransferase LFAGELPEVLVTSSC*SK 0.2
PA4410 DdlB, D-alanine–D-alanine ligase B MNLC*LDSLLNGTQDPK 0.21
PA5171b ArcA, arginine deiminase (C286) AAMHLDTVFSFC*DR 0.21
PA3533c putative uncharacterized protein (glutaredoxin-like) GSPNAPQC*GFSSR 0.22
PA1828 probable short-chain dehydrogenase LDILVNNAATNPQFC*NVLETDLGAFQK 0.22
PA0004b GyrB, DNA gyrase subunit B LADC*QEK 0.23
PA3149 WbpH, probable glycosyltransferase EIVEGSNCGICVDPLSPAAIAEAIDYLVSNPC*EAAALGR 0.23
PA4483 GatA, glutamyl-tRNA(Gln) amidotransferase TAEDC*ALMLGVMAGFDPK 0.23
PA1609 FabB, beta-ketoacyl-ACP synthase I VVITGLGIVSC*LGNDK 0.24
PA0266b GabT, 4-aminobutyrate aminotransferase LSHTC*FQVLAYEPYIELAEEIAK 0.24
PA3155b WbpE, probable aminotransferase AIIPVSLYGQC*ADFDAINAIASK 0.24
PA4907 probable short-chain dehydrogenase VTNLEPGLC*ESEFSLVR 0.25
PA5171 ArcA, arginine deiminase (C363) EQWDDGNNVVC*LEPGVVVGYDR 0.25
PA1609b FabB, beta-ketoacyl-ACP synthase I C*MQQALATVDAPIDYLNTHGTSTPVGDVAEIR 0.25
PA3148 WbpI, UDP-N-acetylglucosamine 2-epimerase DQTEWVELVTC*GANVLVGAAR 0.25
PA1609b FabB, beta-ketoacyl-ACP synthase I TMGSTVSAC*LATPFQIK 0.25
PA5427c AdhA, alcohol dehydrogenase NVEFAEIAPILC*AGVTVYK 0.26
PA5013 IlvE, branched-chain-amino-acid aminotransferase DGVIYTPEVTAC*LNGITR 0.26
PA4756b CarB, carbamoyl-phosphate synthase large chain VDTCAAEFATDTAYMYSTYEEEC*EANPSSR 0.26
PA4007c ProA, gamma-glutamyl phosphate reductase YAPC*NTMETLLVHAGIAER 0.27
PA1609 FabB, beta-ketoacyl-ACP synthase I QDVVFAGGGEEEHWSQSC*LFDAMGALSTQYNETPEK 0.27
PA1787c AcnB, aconitate hydratase 2 IDEVFIGSC*MTNIGHFR 0.27
PA4673b EngD, GTP-dependent nucleic acid-binding protein SGIAAENFPFC*TIEPNSGIVPMPDAR 0.28
PA4756b CarB, carbamoyl-phosphate synthase large chain SILILGAGPIVIGQAC*EFDYSGAQACK 0.28
(Continued on next page)
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Table 1. Continued
Gene Protein Peptide Sequence Ratioa
PA1544c Anr, anaerobic regulator DCSLAPLC*LPLSLTVEDMDSLDEIVK 0.28
PA3046 putative uncharacterized protein FIDQAIEANELTYGGC*DEFGFVCLAR 0.29
PA4931 DnaB, replicative DNA helicase EFNC*PVIALSQLNR 0.29
PA4758b CarA, carbamoyl-phosphate synthase small chain LTVVPAQTPASEVLALNPDGIFLSNGPGDPEPC*DYAIQAIR 0.29
PA1009 putative uncharacterized protein EQFLLISALGPNPMELTTLLC*R 0.3
PA2445b Gcvp2, glycine dehydrogenase NLTC*SCPPIEAYSEE 0.3
PA5049b 50S ribosomal protein L31 ADIHPTYEAIEATC*SCGNVIK 0.31
PA5049b 50S ribosomal protein L31 K.ADIHPTYEAIEATCSC*GNVIK.T 0.31
PA1746 putative uncharacterized protein SEGVSSLALPC*VATGVGGLDWSEVK 0.31
PA4266b FusA1, elongation factor G1 VLDGAVVVFC*GTSGVEPQSETVWR 0.31
PA1583b SdhA, succinate dehydrogenase AGVPVQDIEMWQFHPTGIAGAGVLVTEGC*R 0.32
PA3148 WbpI, UDP-N-acetylglucosamine 2-epimerase ILTDQVSDILFC*PTR 0.32
PA4407 FfsZ, cell division protein TVMSEMGMAMMGTGC*ASGPNR 0.32
PA5563b Soj, chromosome partitioning protein TTTC*INLAASLVATK 0.33
S. aureus
SAV0519b PdxS, pyridoxal biosynthesis lyase DQFTVPFVC*GCR 0.22
SAV2546b MvaS, 3-hydroxy-3-methylglutaryl coenzyme EAC*YAATPAIQLAK 0.3
SAV0520c PdxT, glutamine amidotransferase subunit EALQNSTLPMFGTC*AGLIVLAQDIVGEEGYLNK 0.32
SAV1687c GapB, glyceraldehyde 3-phosphate dehydrogenase GVNDNQLDIEAFDIFSNASC*TTNCIGPVAK 0.33
SAV1687b GapB, glyceraldehyde 3-phosphate dehydrogenase K.GVNDNQLDIEAFDIFSNASCTTNC*IGPVAK.V 0.33
SAV2400b NasD, assimilatory nitrite reductase (NAD(P)H), large subunit MGVSGC*PR 0.33
a+ H2O2/H2O2; the cut-off ratio is 0.33.
bConserved cysteine.
cConserved catalytic or functional sites.
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p-lasR-C79A, or p-lasR-C79S when treated with H2O2. The lasI-
lux activity ofDlasR complemented by p-lasR-C79S afforded half
of the activity of the wild-type, but, notably, this activity was not
altered further by H2O2 treatment (Figure 2F). These data, taken
together, indicate that LasR senses oxidative stress and that
Cys79 plays an important role in this process, probably by
directly transmitting the impact of oxidative stress onto the
ligand-binding and regulatory functions of LasR. This can be
further investigated in the future.
Oxidative Stress Inhibits Acetaldehyde Dehydrogenase
ExaC Activity by Inducing an Active-Site Disulfide Bond
Two cysteines (Cys301 and Cys303) in ExaC (EC 1.2.1.3) were
found at the very top of the list of oxidation-sensitive cysteines
(Table S1), which led us to investigate whether they are involved
in the function and oxidation response of ExaC in P. aeruginosa.
ExaC was originally characterized (Schobert and Go¨risch, 1999)
as a NAD(P)-dependent acetaldehyde dehydrogenase that
catalyzes the conversion of acetaldehyde to acetic acid (Fig-
ure3A).Basedon the sequencehomologywithotherwell-studied
aldehyde dehydrogenases (ALDHs), Cys301 in ExaC can be
assigned as the conserved catalytic cysteine. As expected,
compared to ExaC-WT, mutation of Cys301 to Ser (ExaC-
C301S) abolished the enzymatic activity, confirming that
Cys301 is indeed thecatalytic residue (Figure3B). Toour surprise,
ExaC-C303S displayed a 3-fold-enhanced activity level com-
pared to ExaC-WT (Figure 3B), suggesting it as a gain-of-functionCell Homutation. This interesting observation was further confirmed
using cellular lysates from the following P. aeruginosa strains:
wild-type MPAO1 with empty plasmid pAK1900 as the control,
DexaC (a clean deletion of exaC) with empty pAK1900, DexaC
complementedwithwild-typeexaC in pAK1900, andDexaCcom-
plementedwith ExaC-C303S in pAK1900. As shown in Figure 3C,
the lysate of DexaC had only one-third of the wild-type ALDH
activity. In agreement with the ALDH assay using purified
proteins, bacterial lysates of DexaC-containing pAK1900-ExaC-
C303S showed a more than 2-fold higher activity level than the
pAK1900-ExaC-WT strain (Figure 3C).
To test whether the function of ExaC is affected by H2O2, we
measured the enzymatic activity using reaction buffer supple-
mented with either 10 mMdithiothreitol (DTT) or H2O2. Compared
to 10 mM DTT-reduced ExaC, treatment with 10 mM H2O2 led to
about a 30% decrease in enzymatic activity (Figure 3B), but did
not alter the activity of ExaC-C303S (Figure 3B), suggesting that
Cys303 plays a major role in oxidation sensing in response to
ROS challenge.We performed activity assays of bacterial lysates
of the above four P. aeruginosa strains, which further confirmed
the involvement of Cys303 in the oxidation-sensing function of
ExaC (Figure 3C). Similarly, the observation of oxidation-medi-
ated inhibition (30%–40%) of the ALDH family of enzymes has
been recently reported; however, its biochemical mechanism is
not yet fully understood (Rosas-Rodrı´guez et al., 2010).
We speculated that these two close cysteines could form a
disulfide upon oxidation, which would then inhibit enzymatic
activity. We used MS to characterize the oxidized ExaC. Thest & Microbe 13, 358–370, March 13, 2013 ª2013 Elsevier Inc. 363
Figure 2. Cys79 Is Involved in Ligand
Binding and Oxidation Sensing in LasR
(A) Swarming motility of the following four
P. aerugionsa strains on swarming agar plates:
WT, MPAO1 wild-type containing pAK1900;
DlasR, DlasR containing pAK1900; Comp, DlasR
containing pAK1900-lasR; and C79A, DlasR con-
taining pAK1900-C79A.
(B) Relative lasI-lux activity of four P. aeruginosa
strains.
(C) Crystal structure of LasR LBD showing the
vicinity (4.3 A˚) between Cys79 and the terminal
carbon of 3-oxo-C12-HSL (Bottomley et al., 2007).
(D) An acyl-homoserine lactone (AHL) bioassay
determined the 3-oxo-C12-AHL content of LasR-
WT, LasR-C79A, and LasR-C79S.
(E) Northern hybridization analysis showed the
transcription level of lasI in both wild-type and
DlasR strains, treated with increasing concentra-
tions of H2O2 for 20 min. rRNA, ribosomal RNA.
(F) Relative activity of lasI-lux in threeP. aeruginosa
strains (WT, DlasR containing pAK1900-lasR [WT];
C79A, DlasR containing pAK1900-lasR-C79A;
C79S, DlasR containing pAK1900-lasR-C79S)
treated with 5 mM H2O2 for 20 min.
Data are represented as the mean ± SEM. The
asterisks denote that the differences are statisti-
cally significant (p < 0.05). See also Figure S2.
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MS revealed a clear 3+ charge-state peak (mass-to-charge
[m/z] ratio: 737.35) corresponding to the disulfide-containing
peptide of interest (crosslink betweenCys301 andCys303; theo-
retical molecular mass: 2,210.04 Da) (Figures 3D, 3E, S3A, and
S3B), which confirms that oxidation of ExaC results in the for-
mation of a disulfide bond between Cys301 and Cys303. The
absenceofH2O2 effects on the activity of theC303SExaCmutant
further indicates that Cys303 is the primary oxidation-sensing
cysteine. Thus, ROS stress first oxidizes Cys303, which Cys301
then attacks to afford an active-site disulfide bond that shuts
down the enzymatic activity of ExaC. This mechanism is consis-
tent with the observation that ExaC-C303S displayed enhanced
activity compared to ExaC-WT (Figure 3B). In our isoTOP-
ABPP analysis, both cysteines showed reduced reactivity with
the IA probe, because they form a disulfide bond upon H2O2
treatment. These two cysteines are highly conserved in many or-
thologs in other bacterial species, strongly suggesting that they
perform similar roles in this group of acetaldehyde dehydroge-
nases (Figure S3C), which may have evolved an oxidation-sens-
ing cysteine near the catalytic cysteine specifically for regulating
enzymatic activity upon oxidative stress. This cysteine-assisted
oxidative inhibition may help bacteria to rapidly alter their
metabolism in response to ROS stress prior to changes in tran-
scription, translation, and/or intermolecular protein interactions.364 Cell Host & Microbe 13, 358–370, March 13, 2013 ª2013 Elsevier Inc.Oxidation-Induced Activation of
Arginine Deiminase ArcA
Arginine deiminase (ArcA, EC 3.5.3.6)
catalyzes the hydrolysis of L-arginine to
L-citrulline and ammonium (Figure 4A),
which is the first step of the L-argininedihydrolase pathway used by a group of bacteria for ATP pro-
duction (Mercenier et al., 1982). We identified four oxidation-
sensitive cysteines (Cys37, Cys169, Cys286, and Cys363) out
of a total of seven cysteines. The catalytic active-site cysteine
Cys406 (Lu et al., 2004) was conspicuously absent from the
oxidation-sensitive group, because it was not labeled by the IA
probe (Figure S4B). Surprisingly, unlike most other enzymes,
which are typically inhibited or inactivated by oxidation (Klomsiri
et al., 2011), the activity of ArcA was repressed by reducing
agents such as TCEP-HCl (tris(2-carboxyethyl)phosphine hydro-
chloride) (Figures 4B and S4A), suggesting that a conformational
change by air or ROS oxidation may lead to the activation of
ArcA. We also observed the inhibition of ArcA by cysteamine in
an in vivo assay (Figure 4C). Although the transcription of arcA
is induced under anaerobic conditions (Gamper et al., 1991),
we found that the ArcA enzyme is activated under oxidation
conditions and inhibited by reducing agents, indicating the
complex mechanisms of redox regulation of ArcA.
Compared to ArcA-WT, both ArcA-C286S and ArcA-C363S
showed reduced kcat/s values in air, thereby suggesting that
these cysteines directly influence enzymatic activity (Figure 4B).
The expression yield of ArcA-C286S-C363S is 5-fold lower
than that of the wild-type protein in E. coli, which may suggest
that both cysteines are important for the stability of ArcA. More
importantly, neither mutant enzyme was sensitive to TCEP
Figure 3. Oxidative Stress Inhibits Acetal-
dehyde Dehydrogenase ExaC Activity
(A) ExaC catalyzes the NAD(P)-dependent oxida-
tion of acetaldehyde that produces acetic acid.
(B) Enzymatic activity of purified ExaC-WT, ExaC-
C301S, and ExaC-C303S in the presence of 10 mM
DTT or 10 mM H2O2.
(C) In vitro acetaldehyde dehydrogenase activity of
bacterial lysates of four P. aeruginosa strains. WT/
EV, wild-type MPAO1 containing empty pAK1900;
DexaC/EV, DexaC containing empty pAK1900;
DexaC/p-exaC, DexaC containing pAK1900-exaC;
DexaC/p-C303S, DexaC containing pAK1900-
exaC-C303S.
(D) MS mapping of the disulfide bond in oxidized
ExaC. The ESI-Q-TOF mass spectrum (m/z 200–
1,000) of an unfractionated tryptic digest is shown.
The 3+ charge state (m/z 737) corresponds to
the disulfide-containing peptide of interest (theo-
retical molecular mass: 2,210.04 Da). Theo Mr,
theoretical molecular mass; Exp Mr, experimental
molecular mass.
(E) Graphical fragment map correlating the frag-
mentation ions to the sequence of the disulfide-
containing peptide. The disulfide-linked cysteines
are circled.
(F) Proposed model showing that oxidation of
ExaC forms a disulfide between catalytically
active Cys301 and Cys303, which leads to the
inhibition of the ExaC activity.
Data are represented as the mean ± SEM. The
asterisks denote that the differences are statisti-
cally significant (p < 0.05). See also Figure S3.
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inhibitory effect of reducing agents on ArcA activity. We further
measured the concentrations of citrulline in the anaerobic culture
of DarcA complemented by either p-arcA, p-arcA-C286S, or
p-arcA-C363S. Upon cysteamine treatment, overexpression
of neither ArcA-C286S nor ArcA-C363S in DarcA generated a
reduced citrulline level (Figure 4C).
In order to elucidate the role and reactivity of these two cyste-
ines, we carried out thiol titrations in ArcA via a DTNB assay. We
detected four cysteines in the reduced wild-type ArcA protein,
whereas approximately three cysteines remained in the air-
oxidized form (Figure 4D). Both reduced ArcA-C286S and
reduced ArcA-C363S mutant protein have about three thiols,
with only 0.5 thiols oxidized by air, indicating that bothCell Host & Microbe 13, 358–37cysteines can be readily air oxidized. In
agreement with these observations, there
were only two thiols in either reduced or
air-oxidized ArcA-C286S-C363S protein
(Figure 4D). However, neither anMS anal-
ysis nor a DTNB-based disulfide mea-
surement of air-oxidized wild-type ArcA
detected a disulfide bond between these
two cysteines, suggesting that they are
oxidized to sulfenic acids. Our NBD-Cl-
based sulfenic-acid measurement assay
confirmed the presence of sulfenic acid
in the air-oxidized ArcA (Figure S4C).This result indicates that air oxidation of ArcA results in the
formation of two sulfenic acids on Cys286 and Cys363, which
activates the catalytic activity.
A redox-potential measurement using buffer solutions with
varying glutathione (GSH)/glutathione disulfide (GSSG) ratios
confirmed that ArcA shows a higher level of activity in solutions
with a higher redox potential (Figure 4E). The wild-type ArcA
exhibited an estimated redox potential of 180 mV, which falls
into the expected physiological range (Aslund et al., 1997). As
expected, both ArcA-C286S and ArcA-C363S showed impaired
activation at a high redox potential, whereas the double mutant
ArcA-C286S-C363S was virtually unaffected by different ratios
of GSH/GSSG (Figure 4E). This result strongly suggests that
the sulfenic-acid form of these two Cys residues may react0, March 13, 2013 ª2013 Elsevier Inc. 365
Figure 4. Oxidation-Induced Activation of
Arginine Deiminase ArcA
(A) ArcA catalyzes the production of citrulline from
arginine.
(B) Enzymatic activity of purified ArcA-WT, ArcA-
C37S, ArcA-C169S, ArcA-C286S, and ArcA-
C363S in the presence or absence of 0.5 mM
TCEP.
(C) Effect of 1 mM cysteamine on the in vivo
activity of ArcA in the wild-typeMPAO1 containing
empty pAK1900 (WT), DarcA/pAK1900 (DarcA),
DarcA/p-arcA (Comp), DarcA/p-arcA-C286S
(C286S), and DarcA/p-arcA-C363S (C363S),
respectively. Bacteria were cultured anaerobically
at 37C in the M9 medium containing 10 mM
L-arginine and PBS.
(D) DTNB-based quantification of free thiols in
anaerobically reduced or air-oxidized ArcA, ArcA-
C286S, ArcA-C363S, and ArcA-C286S-C363S,
respectively.
(E) Enzymatic activity of these four purified
proteins in different concentrations of GSH/GSSG.
(F) Macrophage-killing assay. P. aeruginosa
strains were incubated with murine AM for 90 min,
and the surface bacteria were killed with poly-
myxin B for 1 hr. cfu were measured after lysing
the cells, and the plate was left in polymyxin
B overnight.
Data are represented as the mean ± SEM. The
asterisks denote that the differences from the
wild-type are statistically significant (p < 0.05). See
also Figure S4.
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bacterium, which activates the enzyme’s catalytic activity.
Cys286 is conserved among many orthologs in other bacterial
organisms, whereas Cys363 is less conserved (Figure S4D), sug-
gesting that similar roles are shared by other arginine deimi-
nases, which may have evolved an oxidation-activation mecha-
nism specifically to boost enzymatic activity upon mild oxidative
stress.
Furthermore, we subjected these strains to mouse macro-
phages that secrete toxic enzymes and ROS as the frontline of
the host defense against pathogens. Although there is no sig-
nificant difference in phagocytosis between the wild-type and
DarcA strains, we found that DarcA was 8-fold more vulnerable
to phagocytic killing than thewild-type strain, indicating a notice-
able role played by the arginine deiminase pathway in resistance
to macrophage killing (Figure 4F). Interestingly, the strain DarcA/
p-arcA-C286S is extremely sensitive to macrophage killing,
suggesting that Cys286 in ArcA is a key residue in bacterial
resistance to phagocytic clearance. Furthermore, we calculated
the difference in bacterial clearance between the apocynin-366 Cell Host & Microbe 13, 358–370, March 13, 2013 ª2013 Elsevier Inc.treated macrophage and the control
macrophage without apocynin treatment,
which would represent the H2O2-depen-
dent clearance by the macrophage. As
shown in Figures S4E and S4F, the wild-
type P. aeruginosa is more susceptible
to macrophage-derived H2O2 than the
DarcA strain, which suggests that arcAplays a role in resistance to phagocyte-derived hydrogen
peroxide.
GAPDH Functions as a Redox-Sensing Metabolic Switch
GAPDH (EC 1.2.1.12) converts glyceraldehyde 3-phosphate
to glycerate 1,3-diphosphate, which is the sixth step of the
glycolysis pathway (Figures 5A and S5). GAPDH possesses
a functional cysteine in the active site, which we identified as
oxidation sensitive in our competitive isoTOP-ABPP experi-
ments in both S. aureus and P. aeruginosa proteomes. A variety
of ROS have been shown to inactivate GAPDH, and these
inhibitory events are thought to occur through oxidative
modification of the catalytic cysteine (Shenton and Grant,
2003). We tested whether treatment of purified recombinant
P. aeruginosa or S. aureus GAPDHs with H2O2 would result
in a similar rapid inhibition. Purified His6-tagged GAPDH
enzymes were treated with 10 mM H2O2 for 1 min before
the activity was measured as described in the Experimental
Procedures. The catalytic activity of both GAPDHs was reduced
more than 10-fold after H2O2 exposure (Figure 5B), suggesting
Figure 5. GAPDH Functions as a Redox-Sensing Metabolic Switch
(A) GAPDH catalyzes the conversion of glyceraldehyde 3-phosphate into
glycerate 1,3-bisphosphate, the sixth and committed reaction in the
glycolysis.
(B) The relative activities of recombinant GAPDHs (from P. aeruginosa or
S. aureus) treated with and without 10 mM H2O2 for 1 min.
(C) Nicotinamide adenine dinucleotide phosphate (NADPH) accumulates upon
H2O2 treatment in both pathogens. CK, control.
Data are represented as the mean ± SEM. The asterisks denote that the
differences between H2O2-treated and untreated samples are statistically
significant (p < 0.05). See also Figure S5.
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by ROS-mediated direct oxidation of their catalytic active
cysteines. We also found that this inhibition redirects the
metabolic flux of glucose-6-phosphate from glycolysis to the
pentose phosphate pathway (Figure S5), which generates
more NADPH to protect from ROS (Figure 5C). A similar role
of GAPDH as a metabolic switch has been previously character-
ized in yeast, illustrating evolutionary conservation of both
prokaryotes and eukaryotes through the use of this strategy
(Ralser et al., 2007).Cell HoConclusions
We show here that isoTOP-ABPP, when adapted for competitive
profiling, is a versatile strategy for quantitatively characterizing
oxidation-sensitive cysteines at the whole-proteome level. We
show that oxidation-sensitive cysteines in bacterial proteomes
include both transcriptional regulators and a large number of
metabolic enzymes in both P. aeruginosa and S. aureus. Specific
active-site cysteine residues may have evolved for sensing
oxidative stress such that their parent enzymes are inactivated
upon ROS challenge (Figure 6), as we found for ExaC and
GAPDH. Oxidative inhibition of GADPH redirects metabolic
flux in glycolysis. We also showed that oxidation can promote
enzymatic activity, as evidenced by ArcA, which impacts
bacterial survival in host macrophages. Clearly, oxidation
sensing and response is a complex process in pathogenic
bacteria, which must cope with the host immune response.
Different layers of response mechanisms probably exist to
facilitate the survival and adaption of pathogenic bacteria
in the hostile host environment. We anticipate that further char-
acterization of the oxidation-sensitive cysteines and proteins
identified in this study will uncover functions, pathways, and
mechanisms involved in oxidation sensing and response in
both P. aeruginosa and S. aureus, with the perspective that
enhancing bacterial resistance to ROSmay lead to the identifica-
tion of proteins that can be exploited as therapeutic targets.
Competitive isoTOP-ABPP should enable the discovery of
oxidation-sensitive cysteines in other organisms, including
human cells, and thereby facilitate global studies of ROS
signaling in a range of biological processes, including inflam-
mation, cancer, and neurodegeneration.
EXPERIMENTAL PROCEDURES
Strains, Plasmids, and Primers
Strains, plasmids, and primers used are listed in Tables S3, S4, and S5,
respectively. P. aeruginosa and E. coli strains were maintained in LB medium.
S. aureus strains were cultured in TSB medium. For plasmid maintenance
in P. aeruginosa and E. coli, the medium was supplemented with 50 mg/ml
carbenicillin, and 100 mg/ml ampicillin or 15 mg/ml gentamicin, respectively.
For marker selection in P. aeruginosa, 30 mg/ml gentamicin was used.
IsoTOP-ABPP Analysis
Peroxide-treated and untreated proteome samples were diluted to a 2 mg
protein/ml solution in PBS. Each sample (2 3 0.5 ml aliquots) was treated
with 100 mM of IA probe using 5 ml of a 10 mM stock in dimethyl sulfoxide
(DMSO). The labeling reactions were incubated at room temperature for
1 hr. Click chemistry was performed by the addition of 150 mMof either the light
TEV tag (peroxide-treated) or heavy TEV tag (untreated), 1 mM TCEP (fresh
50X stock in water), 100 mM ligand (17X stock in DMSO:t-Butanol 1:4), and
1 mM CuSO4 (50X stock in water). Samples were allowed to react at room
temperature for 1 hr. After the click chemistry step, the light- and heavy-
labeled samples were mixed together, and the proteins were immediately
precipitated by the addition of a trichloroacetic acid (TCA) solution (100 mg/
100 ml in water; 100 ml TCA solution per 1 ml proteome sample). After precip-
itation on ice for 30 min, the samples were centrifuged (5,900 3 g, 4 min, 4C)
to pellet the precipitated proteins. The pellet was washed twice with cold
acetone, after which the pellet was solubilized in PBS containing 1.2% SDS
via sonication and heating (5 min, 80C). Streptavidin enrichment, trypsin
and TEV digestion, MS, and data analysis were performed as previously
described (Weerapana et al., 2010). After redox-sensitive ratios for peptide
entries were calculated for each experiment, overlapping peptides with the
same labeled cysteine were grouped together, and the median ratio from
each group was reported as the final redox-sensitive ratio (Weerapana et al.,st & Microbe 13, 358–370, March 13, 2013 ª2013 Elsevier Inc. 367
Figure 6. A Summary Showing the Effects
of ROS on Protein Examples Identified and
Characterized in This Study
ROS causes conformational change of the
oxidized LasR and thus reduces the promoter
activity of its downstream gene, lasI. Oxidative
inhibition of ExaC involves the formation of a
disulfide between catalytic Cys301 and a
neighbor, Cys303. For ArcA, ROS induces
activation of its enzymatic activity by oxidizing
Cys286 and Cys363 away from the active site.
GAPDH, with catalytic active cysteines that are
oxidation-sensitive, can be inhibited by ROS-
mediated direct oxidation, which leads to meta-
bolic reroute. SH and HS, reduced cysteine; SX
and XS, oxidized cysteine; S-S, disulfide.
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(S. aureus). All chromatographs from P. aeruginosa peptides can be seen in
Table S8.
Protein Purification for LasR, ExaC, ArcA, and GAPDH
For the expression of these four proteins, we used the ligation-independent
cloning method (Donnelly et al., 2006). The respective coding regions were
PCR amplified from P. aeruginosa genomic DNA with the primers listed in
Table S5 (LasR-EXF/R for LasR, ExaC-EXF/R for ExaC, ArcA-EXF/R for
ArcA, NWMN1580-EXF/R for GAPDH of S. aureus, and PA3001-EXF/R for
GAPDH of P. aeruginosa). The PCR products were treated with T4 DNA poly-
merase in the presence of deoxycytidine triphosphate for 30 min at room
temperature. Target vector pMCSG7 (Donnelly et al., 2006) was digested
with SspI, gel purified, and then treated with T4 DNA polymerase in the pres-
ence of deoxyguanosine triphosphate for 15 min at 16C. The T4-DNA-poly-
merase-treated plasmid vector and PCR product were gel purified, mixed,
incubated for 5 min at room temperature, and then transformed into E. coli
strain DH5. The resulting plasmid was transformed again into BL21 star
(DE3) (Science Reagents), and the transformants were selected on LB agar
plates with 100 mg/ml ampicillin. The BL21 star (DE3) strain carrying the
plasmid was grown in LB to an OD600 of 0.6, then 1 mM isopropyl-b-D-thioga-
lactopyranoside was added. After overnight induction at 16C, the cells were
harvested and frozen at 80C. The expressed protein was purified from the
frozen cells with a HisTrap column (GE Healthcare) following the column
manufacturer’s recommendations. The purified protein was supplemented
with 20% glycerol and stored at 80C.
Measurements of 3-oxo-C12-HSL Retained with Purified LasR
and LasR-C79A
Procedures were modified from the protocol previously reported (Oinuma and
Greenberg, 2011). In brief, 0.5 nM of LasR or LasR-C79A was digested in
500 ml of PBS buffer with 5 mg of proteinase K for 1 hr at room temperature,
and then 3-oxo-C12-HSL was extracted with three volumes of acidified ethyl
acetate containing 0.01% glacial acetic acid. The ethyl acetate extracts368 Cell Host & Microbe 13, 358–370, March 13, 2013 ª2013 Elsevier Inc.were evaporated to dryness, and the 3-oxo-C12-
HSL was dissolved in 500 ml of acidified ethyl
acetate. To measure 3-oxo-C12-HSL, we used
a bioassay with E. coli DH5a carrying pKD201
(pMC402-lasI-lux) and pMCSG7-LasR, and
synthetic 3-oxo-C12-HSL was used to prepare
a standard curve. The reporter was grown in LB
medium plus 50 mg/ml kanamycin and 100 mg/ml
ampicillin overnight at 37C and diluted to an
OD600 of 0.05 in fresh LB plus kanamycin and
ampicillin. Ethyl acetate extracts were added into
a 2ml plastic tube andwere evaporated spontane-
ously. One hundred microliters of diluted reporter
culture was added to each tube, and lumines-cence was measured after 4 hr at 37C with shaking by using an Analyst AD
96/384 Microplate Reader (LJL BioSystems). A standard curve with synthetic
3-oxo-C12-HSL was used to determine the amount of 3-oxo-C12-HSL ex-
tracted from LasR or LasR-C79A.
Animal Infection and Bacterial Burden Assay
Wild-type MPAO1 containing an intact pilC gene, and thus with twitching
motility, was provided by Dr. Manoil (University of Washington). Bacteria
(WT, DlasR, DlasR/p-lasR, and DlasR/p-lasR-C79A) were grown overnight in
LB broth at 37C with vigorous shaking. The next day, the bacteria were
pelleted by centrifugation at 5,000 3 g, resuspended in 10 ml of fresh LB
broth, and allowed to grow until the mid-log phase. The OD600 was measured,
and the density was adjusted to0.25 OD (0.1 OD = 13 108 cells/ml). C57BL6
mice, sensitive to P. aeruginosa infection, were purchased from the Jackson
Laboratory. The animal experiments have been approved by the University
of North Dakota institutional animal care and use committee. Mice were
randomly assigned to different groups (six per group) and were lightly
anesthetized with 20 mg/kg ketamine plus 5 mg/kg diazepam. Then we intra-
nasally instilled 5 3 106 cfu of P. aeruginosa and monitored the animals with
infection for up to 72 hr (Kannan et al., 2006). Moribund mice were euthanized
for obtaining the lung for analysis. After bronchoalveolar lavage, the trachea
and lung were excised for homogenization or inflated with 50%optimal cutting
temperature compound or formalin fixation. Intranasal instillation of an equal
amount of PBS was performed as the control. In selected experiments to
check the efficiency of instillation, we used intratracheal instillation and venti-
lation procedures to confirm evenness of distribution in the lung. Triplicates
were done for each sample and control.
Enzymatic Activity Assay of Acetaldehyde Dehydrogenase
ExaC activity was measured at 25C by determining spectrophotometrically
the reduction of NAD at 340 nm. Measurement of ALDH activity was per-
formed in a 1 ml mixture containing 50 mM sodium phosphate (pH 8.0),
100 ml of crude cell extract or 10 mg of purified enzyme, 500 mM NAD,
20 mM acetaldehyde, and 1 mM DTT or 1 mM H2O2 (for purified enzyme,
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lysates, cells were grown to the early stationary phase in 25 ml LB medium
containing 50 mg/ml carbenicillin at 37C. The cultures were centrifuged,
washed, and resuspended in 25 ml M9 medium containing 50 mg/ml carbeni-
cillin and 0.5% ethanol. After a 1 day induction, the cells were collected and
resuspended in 0.5 ml of PBS and sonicated. The cell lysates were centri-
fuged at 12,000 3 g for 10 min, and the supernatants were used for ExaC
activity assay. One unit of ExaC is defined as oxidizing 1.0 mM of acetalde-
hyde to acetic acid per minute at pH 8.0 at 25C in the presence of NAD,
potassium, and thiols.
Enzymatic Activity Assay of Arginine Deiminase
The kcat values were determined from initial-velocity data measured as a
function of substrate concentration as modified from a procedure previously
reported (Zhu et al., 2010). Enzyme reactions were carried out at room
temperature. The reaction was initiated by the addition of purified enzyme
(10 ml, 0.2–0.5 mM) to the substrate solution (200 ml, 10 mM of arginine in
PBS, pH 5.6). After 2 min a 30 ml aliquot was transferred from each well to
30 ml of ferric-acid solution to stop the reaction. For color development,
ferric-acid solution (90 ml) and diacetyl monoxime thiosemicarbazone solution
(15 ml) were added to each well. The mixture was incubated at 70C for 30min,
followed by incubation on ice to stop color development. Absorbance
was measured at 530 nm. For the redox-potential assay of ArcA, different
concentrations of GSH/GSSG were added into the reaction buffer. Aliquots
were diluted 10-fold with reaction buffer prior to color development. For the
in vivo ArcA assay, P. aeruginosa cells were grown aerobically in LB containing
50 mg/ml carbenicillin overnight at 37C. Bacteria were washed twice with
dH2O and then cultured in M9 medium containing 50 mg/ml carbenicillin
and 10 mM arginine at an OD600 of 0.05. The bacteria were cultured in an
anaerobic chamber at 37C for 1 day, followed by spinning down of the pellets.
The citrulline concentration in the culture supernatant was determined as
described above.
Statistical Analysis
All experiments were repeated at least three times. Two-tailed Student’s t tests
were performed using Microsoft Excel 2011.
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